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SUMMARY 

An analy t ica l  evaluation i s  made of t he  capabi l i t i es  of balloon wind sensors 
t o  respond t o  de ta i led  var ia t ions i n  t h e  wind s t ruc tu re  of the atmosphere, w h i c h  
can represent important load inputs f o r  f lex ib ie  launch vehicles. 
and f a l l i n g  spherical  balloons are considered. 
of given weight there  is  an optimum diameter f o r  w h i c h  t h e  balloon response 
veloci ty  i s  most sens i t ive  t o  var ia t ions  i n  t h e  p r o f i l e  of horizontal  winds. 
When the diameter of the balloon is  l a r g e r  than t h i s  optimum value t h e  advantages 
of reducing t h e  balloon weight t o  improve i t s  dynamic response become r e l a t i v e l y  
ins igni f icant .  
has of ten been neglected i n  previous investigations,  i s  found t o  be of consider- 
able  importance at lower a l t i t udes  where launch vehicles of ten  encounter maxiruum 

30th rising 
It i s  found that f o r  a balloon 

The apparent mass of ambient air surrounding the  balloon, which 

aerodynamic loads. 

An approximate "desmoothing" procedure is developed which, under ce r t a in  
conditions, can be used t o  correct measured wind p r o f i l e s  f o r  smoothing e r r o r s  
associated with i n e r t i a  of t h e  balloon wind sensor. Finally, an assessment is 
made of t h e  reduction i n  the calculated e l a s t i c  mode response of launch vehicles  
t h a t  results when t h e  fine-grain s t ruc tu re  of a wind input is smoothed by balloon 
i n e r t i a .  These e r ro r s  are evaluated f o r  continuous random and triangular-shaped 
d i sc re t e  gust inputs. 

INTRODUCTION 

Launch vehicles  must survive a var ie ty  o f  load inputs during fl ight through 
One of t he  most important of these inputs i s  t h e  load due t h e  lower atmosphere. 

t o  wind ve loc i t i e s  normal t o  the  flight path of the vehicle.  

By far the most abundant co l lec t ion  of wind-profile da ta  upon which load 
estimates can be based has been obtained w i t h  t h e  conventional AN/GMD-1 rawinsonde 
balloon sounding system. On t h e  basis of a large sample of such data, various 
wind design c r i t e r i a  have been formulated, such as those given i n  references 1 
t o  4. Unfortmately,  because of basic  l imitat ions i n  the GMD-1 wind measuring 



system, these data give only a p a r t i a l  descr ipt ion of t h e  ac tua l  wind environ- 
ment. The de ta i led  or fine-grain s t ruc ture  of t h e  measured wind p r o f i l e  i s  t o  
a l a rge  extent averaged out, both by i n e r t i a  Of t he  balloon and by the  data- 
reduction procedures used t o  minimize t h e  e f f e c t s  of random tracking e r ro r s .  

Since t h e  wind veloci ty  f luc tua t ions  which are undetected by t h e  conven- 
t i o n a l  wind-measurement systems can represent a s igni f icant  input t o  t h e  e l a s t i c  
modes of a launch vehicle, considerable emphasis has been placed on t h e  develop- 
ment of refined wind-sounding techniques. One such technique i s  the  smoke-trail 
method described i n  reference 5 .  The method consis ts  of measuring, by photo- 
graphic tr iangulation, t he  horizontal  wind ve loc i t i e s  from a t ra i l  of smoke 
generated by a sounding rocket or launch vehicle.  Another improved wind-sounding 
technique has been developed by t h e  USAF Cambridge Research Laboratories (ref.  6 )  
and t h e  George C. Marshall Space F l ight  Center (ref.  7).  
t racking the ascent of a pressurized lightweight Mylar sphere with high-precision 
FPS-16 radar. 

This method involves 

An indication of t he  importance of t h e  fine-grain s t ruc ture  of wind p ro f i l e s  
i n  t h e  dynamic response of an e l a s t i c  vehicle i s  given i n  references 5 and 8. 
These reports show comparisons of t h e  responses calculated f o r  t he  Scout vehicle 
by using as inputs  a smoke-trail-measured wind p r o f i l e  and a simulated balloon- 
smoothing of t he  same prof i le .  As might be expected, it w a s  found t h a t  t h e  
dynamic bending-moment response determined f o r  t h e  de ta i led  wind p r o f i l e  w a s  
s ign i f icant ly  grea te r  than t h a t  determined f o r  t h e  smoothed p ro f i l e .  These 
r e s u l t s  represent two extreme conditions ranging from a highly de ta i led  descrip- 
t i o n  of the wind input on the  one hand t o  a grossly smoothed input on t h e  other .  

The following question m i g h t  then be considered: If t h e  elastic-mode 
response of a v e r t i c a l l y  r i s i n g  launch vehicle  i s  t o  be predicted on the  basis 
of a balloon-measured wind prof i le ,  what mass, s ize ,  and terminal ve loc i ty  should 
t h e  balloon have i n  order t o  indicate  su f f i c i en t  details i n  t h e  p ro f i l e?  Exam- 
ina t ion  of t h i s  question represents the  primary objective of t he  present paper. 
Specifically,  t he  paper attempts t o  relate t h e  wind-following capab i l i t i e s  of a 
r i s i n g  or f a l l i n g  sphere t o  t h e  dynamic aeroe las t ic  response cha rac t e r i s t i c s  of 
a launch vehicle assumed t o  f l y  through the  measured p ro f i l e .  
i s  given t o  t he  c r i t i c a l  a l t i t u d e  in t e rva l  wherein launch vehicles  generally 
encounter maximum aerodynamic loads (20,000 t o  45,000 feet) .  

Primary a t t en t ion  

Wind-measurement e r ro r s  associated with the  tracking system, data  reduction 
procedures, and unsteady wake-induced motions of t he  balloon are not considered 
i n  the  present treatment. The la t te r  source of e r r o r  w a s  recent ly  invest igated 
by t h e  NASA Langley Research Center and t h e  U.S. Army Signal Corps i n  a l a rge  bal- 
loon hangar a t  t h e  Lakehurst Naval A i r  Stat ion.  These s tudies  showed t h a t  even 
under s t i l l  air conditions spherical  balloons follow an e r r a t i c  path during 
ascent. The observed motion w a s  characterized by horizontal  f luc tua t ion  of the 
balloon t ra jec tory  about a mean v e r t i c a l  path. Wavelengths of t h e  f luctuat ions 
were typ ica l ly  10 t o  20 balloon diameters; peak horizontal  v e l o c i t i e s  w e r e  of 
t h e  same order of magnitude as t h e  ascent r a t e .  Studies aimed a t  eliminating 
these wake-induced motions, by such methods as a l t e r i n g  the  bal loon 's  surface 
features ,  are i n  progress. The present analysis  treats one of t he  l imi t a t ions  on 
t h e  accuracy of balloon-measured wind prof i les ,  namely i n e r t i a  effects .  Other 
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fac tors ,  such as those previously mentioned w i l l  generally l i m i t  t h i s  accuracy 
s t i l l  fur ther ,  espec ia l ly  f o r  the  shorter  wavelengths, but these e f f ec t s  a re  out- 
s ide  the 
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scope of t h i s  report .  

SYMBOLS 

nth  elastic-mode def lect ion of vehicle at reference s t a t ion  

s t a t i c  def lect ion 

a l t i t u d e  increment of t r iangular  gust 

drag coef f ic izn t  

diameter of sphere 

drag i n  y- and z-direction, respectively 

buoyant force 

gravi t at i o n d  accelerat ion 

frequency response of wind sensor 

frequency response of vehicle 

parameter defined by equation (26) 

balloon lag distance 

running-average length 

generalized mass of mode n 

s t ruc tu ra l  mass of balloon o r  running mass of launch vehicle 

apparent mass of ambient air associated with balloon 

effect ive m a s s  of balloon 

mass of gas contained within balloon 

generalized force per  un i t  horizontal ve loc i ty  

aerodynamic load d i s t r ibu t ion  along vehicle length 

Laplace operator 

t i m e  
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VZ 

vb 

VW 

v e r t i c a l  ve loc i ty  of launch vehicle 

horizontal  component of balloon ve loc i ty  

horizontal  component of wind ve loc i ty  

wind p r o f i l e  smoothed by a running-average operation 

peak veloci ty  of triangular-shaped gust  

weight of balloon 

v e r t i c a l  component of balloon veloci ty  

terminal veloci ty  of balloon 

distance along vehicle 

horizontal  and v e r t i c a l  posi t ion coordinates 

equivalent viscous damping r e l a t i v e  t o  c r i t i c a l  damping f o r  mode n 

wind shear 

mass-ratio parameter, mg ma + 

mass density of air  

densi ty  of gas contained i n  balloon 

power spec t ra l  density 

normalized shape of mode n 

space frequency associated with mode n, %/Vz 

natura l  frequency of mode n 

Dots over symbols ind ica te  d i f f e ren t i a t ion  with respect t o  t; primes indi-  
ca te  d i f fe ren t ia t ion  with respect t o  z. 

DYNAMIC RESPONSE OF BALLOON WIND SENSORS 

Equations of Motion 

L e t  VW(Z) be t h e  v e r t i c a l  p r o f i l e  of horizontal  winds which, f o r  conven- 
ience, i s  assumed t o  be planar and t o  remain f ixed i n  space over t h e  time 
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i n t e r v a l  of i n t e r e s t .  Le t  vb and % be t h e  horizontal  and v e r t i c a l  ve loc i ty  
components of t he  sensor, which i s  here considered t o  be a r i s i n g  or a f a l l i n g  
spherical  balloon. 
equating the  external  forces i n  the  y- and t h e  z-direction t o  the  corresponding 
i n e r t i a  forces:  

The equations of motion f o r t h e  sensor are obtained by 

(Horizontal i n e r t i a  force)  = ( y  drag component) 
. 

meVb = -Dy (14 
(Vert ical  i n e r t i a  force j  = (Gravity foi-ce) t ( z  fir=;: c n q o n e ~ t . )  + (Buoyant force)  

"he present analysis  i s  r e s t r i c t ed  t o  consideration of wind inputs having 

With t h i s  r e s t r i c t i o n  it appears v a l i d  t o  assume t h a t  t h e  aerody- 
wavelengths that are l a rge  r e l a t i v e  t o  those associated with unsteady flow i n  the  
balloon wake. 
namic force on t h e  sensor i s  a pure drag-type force. 

The various terms i n  equations ( l a )  and ( lb)  are now considered i n  more 
d e t a i l .  The e f f ec t ive  mass term comprises three parts:  

where m i s  the  s t ruc tu ra l  mass of t he  body, m a  i s  t h e  apparent mass of t he  
ambient a i r  affected by motions of t h e  body, and mg 
t a ined  within t h e  body. 
ta ined gas move as a r i g i d  body. For t h e  special  case of a spherical  balloon 
t h e  apparent mass i s  (see ref. 9) 

i s  the  m a s s  of t h e  gas con- 
Here it has been assumed t h a t  t he  balloon and i t s  con- 

and t h e  m a s s  of t h e  gas contained by the  balloon i s  

.D3 
43 6 mg = (4) 

When equations ( 3 )  and (4)  are subst i tuted into equation ( 2 )  t h e  e f fec t ive  mass 
can be expressed as 

If an idea l ized  condition i s  assumed wherein the pressure and temperature of t he  
contained gas i s  t h e  same as t h a t  of t h e  ambient air, t h e  following values of 
pg/pa are obtained: 
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For an a i r - f i l l e d  balloon, 

For a helium-filled balloon, 

For a hydrogen-filled balloon, 

It should be noted t h a t  i n  the  s tudies  reported i n  references 6 and 10 the  
contribution of ma t o  the  t o t a l  mass w a s  considered negligible.  This assump- 
t i o n  i s  cer ta inly ju s t i f i ab le  at the  high a l t i t udes  of in te rPs t  i n  reference 10 
(above 100,000 f e e t ) .  
vehicles experience maximum aerodynamic loads, t h i s  additional mass term i s  
indeed s ignif icant .  
loon considered i n  reference 6 has an apparent m a s s  of 1,190 grams whereas the 
mass of the  balloon s t ruc ture  i s  only 360 grams. 

However, i n  t he  a l t i t u d e  range f o r  which typ ica l  launch 

For example, at an a l t i t u d e  of 25,000 f e e t  t he  2-meter bal-  

Other terms 

Buoyant force : 

appearing i n  equations (1) and ( 2 )  a re  

The y component of drag: 

The z component of drag: 

On the  DZ term a posi t ive sign is  f o r  ascent and negative sign f o r  descent. 

With t he  forces as defined i n  equations 6, the equations of motion a re  
complicated by nonl inear i t ies  i n  vb and wb. If ,  however, it i s  assumed tha t  

accelerations i n  the  v e r t i c a l  direct ion are negligible (wb = Wb,t ) and tha t  the 

horizontal-velocity e r rors  vw - vb a re  s m a l l  i n  r e l a t ion  t o  the  terminal 
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veloc i ty  wb t, considerable s implif icat ion can be achieved. Thus equations ( la)  

and ( l b )  become, respectively, 

and 

where t h e  pos i t ive  s ign i s  used when t h e  terminal ve loc i ty  i s  upward and the  
negative s ign when it i s  downward. 

Since t h e  wind p r o f i l e  vw(z) is  a function of a l t i tude ,  it i s  convenient 
t o  use an a l t i t u d e  increment ra ther  than t i m e  as t i e  indspendezt ~ a r i ~ b l e  ir? 
equation (7).  Thus, with t h e  subs t i tu t ion  

- dz dvb 
d t  dz = Wb,tvb' Vb - - -  (9) 

equation (7) reduces t o  simply 

where t h e  coeff ic ient  L i s  a charac te r i s t ic  length defined as 

In te rpre ta t ion  of Balloon Response Equations 

Physical significance of t h e  parameter L.- Within t h e  framework of t he  
approximations used herein t h e  dynamic properties of t h e  wind sensor are com- 
p l e t e l y  specif ied by t h e  s ingle  parameter L. This parameter, which i s  analogous 
t o  t h e  time constant of a system, has some in te res t ing  and useful  charac te r i s t ics .  
For purposes of i l l u s t r a t i o n  consider t h e  ve r t i ca l  p r o f i l e  o f  horizontal  wind 
shown by t h e  so l id  l i n e  i n  f igure  1. 
veloc i ty  component of a f a l l i n g  body as it traverses  such a p ro f i l e .  
tude 

The dashed l i n e  represents t he  horizontal  
A t  an alti- 

zo t h e  body i s  disturbed from equilibrium by a wind shear 

V - v  
w,o w,1 A, = sec- l  

' 'I zo - z1 
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The solution of equation (10) indicates  t h a t  after the  body has t raveled a 
distance of about 3 L  beyond t h e  disturbance, approximate s teady-state  equi l ib-  
r ium conditions are  again established. The horizontal  veloci ty  of t h e  body and 
t h e  wind velocity a re  then re la ted  as Yollows: 
given a l t i tude  i s  t h e  same as the  wind ve loc i ty  it encountered a dis tance 
p r i o r  t o  reaching t h a t  a l t i tude ,  and t h e  veloci ty  e r r o r  ( t h e  difference between 
t h e  wind velocity and the  body ve loc i ty)  i s  simply 

The veloci ty  of t h e  body at  a 
L 

vw - Vb = f U  

where the  sign on the  right-hand side of equation (13)  i s  pos i t ive  f o r  a r i s i n g  
body and negative f o r  a f a l l i n g  body. 
prof i le ,  such as t h a t  indicated by t h e  spike a t  a l t i t u d e  z1 i n  f igure  1, are 
smoothed by t h e  i n e r t i a  of t h e  sensor. Thus, t h e  parameter L may be considered 
a lag distance o r  memory length which r e l a t ed  the  instantaneous motion of t h e  
body t o  i t s  previously encountered wind inputs.  

Note a l s o  t h a t  abrupt var ia t ions  i n  a 

I n  a subsequent sect ion of t h e  paper a "desmoothing" procedure w i l l  be 
i l l u s t r a t e d  whereby, i f  t h e  lag length of t h e  sensor i s  known, approximate 

Al t i tude  

I -Wind v e l o c i t y  

Balloon v e l o c i t y  

h , L  I v e l o c i t y  e r r o r  

Veloc i ty  

Figure 1.- I l lu s t r a t ion  of some properties of the  balloon lag-distance parameter L. 
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correct ions can be applied t o  t he  smoothing errors i n  a balloon-measured wind 
p ro f i l e .  It i s  therefore  usefu l  t o  express L i n  two a l t e rna te  forms t h a t  
embody t h e  terminal velocity,  which i s  a readily measurable quantity, and e i ther  
pa o r  CD. Equations ( 5 ) ,  ( 8 ) ,  and (11) may be combined t o  eliminate e i t h e r  pa 

or CD. Thus, i f  it i s  assumed tha t  CD i s  known w i t h  more confidence than pa, 

it would be desirable  t o  determine L from the re la t ionship  f o r  t he  first alter-  
nate form: 

2 
b t  2D L='+- 

W 
( f o r  rising spheres) 

g CD 

2 
b t  2D L='+- 

W 
( f o r  rising spheres) 

g CD 

If, on t h e  o ther  hand, 
form i s  used: 

pa i s  known with be t t e r  confidence, t h e  second a l t e rna te  

where p i s  a mass-ratio parameter defined as 

Comparison of several  balloon wind sensors. - Equation (15) i s  shown graph- 
i c a l l y  i n  f igure  2(a)  f o r  r i s i n g  spheres, and i n  f igure  2(b) f o r  f a l l i n g  spheres. 
Points  which represent some exis t ing  balloon wind sensors are a l so  p lo t t ed  i n  
f igu re  2 f o r  an assumed a l t i t u d e  of 25,000 f ee t .  
rawinsonde weather balloon, a chaff-type p i lo t  balloon, a 2-meter Mylar sphere 
( r e f .  6), and a ROBIN f a l l i n g  sphere ( r e f .  11). 
assumed t o  be at ambient pressure, i s  hydrogen f o r  t he  r i s i n g  balloons and a i r  f o r  
t h e  f a l l i n g  balloons. 
helium-filled rising balloons a re  Pelatively s m a l l  f o r  t h e  cases treated. 
per t inent  physical  propert ies  f o r  the  balloons used i n  these calculat ions are 
presented i n  t a b l e  I. 

The balloons considered are a 

The contained gas, which i s  

"he differences i n  performance between hydrogen-filled and 
Other 

Note t h a t  f o r  t h e  r i s i n g  balloons considered, t he  lag distance var ies  from 
a minimum of 10 feet f o r  t h e  chaff balloon t o  a m a x i m u m  of 74 feet f o r  the rawin- 
sonde. The falling chaff balloon and t h e  ROBIN have l ag  distances of 20 and 
24 feet, respectively.  As previously discussed, t he  wind-velocity e r ro r s  asso- 
c ia ted  with these lag  distances  can be evaluated i n  terms of wind shear by means 
of equation (13) .  
exis t ing  FPS-16 radar, which are estimated in  reference 7 t o  have a m a x i m u m  root- 
mean-square value of about 2.5 f ee t  per  second at a l t i t udes  where m a x i m u m  winds 
normally occur. 

These e r ro r s  can be compared w i t h  t h e  tracking e r ro r s  of 
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TABU I.- PHYSICAL PROPERTIES OF EALLWNS CONSIDERED I N  FIGURE 2 

[Utitude = 25,OOO f e e d  

Balloon type 

Hydrogen-filled r i s ing  balloons: 
2-meter balloon . . . . . . . . 
Rawinsonde . . . . . . . . . 
Zhiiffballcozl- i I . .  . . . 

Air-filled fa l l i ng  balloons: 
Chaff balloon . . . . . . . . 
Robin . . . . . . . . . . . . 

Dim. , 
f t  

Weight - 
lb 

360 
2,810 

150 

150 
115 

Wbr t, 
f t / s ec  

23.0 
15.0 
15.3 

-10.6 
-11.4 

cr 

2.300 
0.573 
1-35 

0.380 
0.385 

- 
L, 
ft - 

15.0 
74.2 
10.1 

20.1 
24.4 - 

Optimum size-weight relations.- In this section it w i l l  be shown t h a t  for a 
balloon of given gross weight there is an optimum diameter for which the leg 
distance of the balloon has a minimum value. 

Substituting equation (5) into equation (11) gives 

Consider the variation of C+ for an expansible balloon as it inf la tes .  Equa- 
t i o n  (16) indicates t h a t  for the s m a l l  diameters which ex i s t  at the start of 
inf la t ion,  the s t ruc tura l  mass (given by the first term) predominates over the 
sum of the  apparent air mass and the mass of contained as (given by the second 
term), so that, for constant CD, L decreases with 1$D2. As the balloon 
in f l a t e s  further,  however, the second term i n  equation (16) becomes predominant 
and L then increases with D. "he diameter for w h i c h  L has a minimum, or 
optimum, value f o r  an assumed constant CD can be determined by minimizing L 
i n  equation (16) with respect t o  D and thereby obtaining 

J 

"he L value associated with t h i s  opthum diameter is found t o  be 

1 +  255 
Pa 

Dopt - 
CD 

Lopt - 



I 
I 

The volume of an expansible balloon changes with altitude in such a manner 
that paD3 remains constant. As can be seen from equation (17) this a l s o  happens ' 
to be the manner in which the optimum diameter of a balloon varies with altitude. ' 

Thus, if the diameter of an expansible balloon is optimum at one altitude it will 
automatically change with altitude so as to remain optimum at all other altitudes 

' 
for which CD remains constant. In contrast, a fixed-diameter balloon, such as 
the 2-meter spherical balloon of reference 6, satisfies the optimum size-weight 
relations at only one altitude. 

The variation of the quantity CDL with diameter for various balloon weights 

(eq. (16)) is shown in figure 3(a) for rising spheres and in figure 3(b) for 

f t  

D i a m e t e r ,  f t  

(a) Rising sphere. 3 = 0.138. 
Pa 

Figure 3 . -  The lag-distance parameter as a function of t he  weight and diameter of spherical  bodies 
at an a l t i t ude  of 25,000 f ee t .  
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f a l l i ng  spheres. 
( pg/pa = 0.138) and the  fa l l ing  balloons contain air  ( pg/pa = 1.0). The air 

density considered i s  pa = 0.00lOg slug/cubic foot, which corresponds t o  an 
a l t i tude  of 25,000 feet. The locus of optimum diameters is  a l so  shown i n  fig- 
ures 3(a) and 3(b) by the  dashed l i n e  that passes through the minimum point on 
each curve (see eq. (17)). The straight l i n e  along which the curves i n  f ig-  
ure  3(a) terminate represents the l imiting condition of zero rate of climb f o r  
balloons at an a l t i t ude  of 25,000 feet. 
%,t A point worth noting 
i n  figure 3 i s  that when the diameter of a balloon is  large - large re la t ive  t o  
i t s  optimum value - the performance gains that can be realized by a reduction i n  
s t ruc tura l  weight become relat ively insignificant.  

It is  assumed tha t  the  rising balloons contain helium 

This result i s  obtained by se t t ing  
equal t o  0 i n  equation (14), which gives CDL = 2D. 
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Figure 3. - Concluded. 



Relation between L and a running-average distance.- I n  analyt ical  inves- 
t igat ions of vehicle response t o  detai led wind prof i les  measured by the smoke- 
t ra i l  technique, equivalent balloon-measured prof i les  have been simulated by 
smoothing the smoke-trail-measured prof i les  (see, f o r  example, refs .  5 and 8) .  
The smoothing technique often employed consists of simply averaging the veloc- 
i t i e s  of the detailed prof i le  over an in te rva l  extending an equal distance on 
each side of the a l t i tude  i n  question. 
t i o n  between t h i s  so-called "running average" length and the parameter 
approximate equivalence between the lag length L and a running-average length 2 
is found in  t h e  appendix t o  be 

It i s  of i n t e re s t  t o  determine the rela- 
L. An 

2 3.46L (19)  

Thus, i f  tracking and data readout errors  were not present, the equivalent 
running-average length f o r  the rawinsonde balloon considered i n  t ab le  I would be 
approximately 
used i n  reference 8 t o  s W a t e  the overal l  smoothlng character is t ics  of the 
GMD-1 wind data. 

2 = 3.46 X 74.2 o r  258 f e e t  as contrasted with the 2,000 f e e t  

Response of Falling Spheres t o  a Simulated Wind Profi le  

Andog-computer results.- For fur ther  insight i n to  the wind-following char- 
ac te r i s t ics  of f a l l i ng  spheres, equations (1) have been solved on an analog 
computer by using a synthetic wind-profile input. 
problem the buoyant force FB w a s  assumed t o  be zero, and the  y and z com- 
ponents of drag were used i n  the  nonlinear form given by equations (6).  A con- 
s tan t  drag coefficient of 0.1 was used i n  the analysis. This value may be con- 
sidered a representative CD 
c r i t i c a l  value, which may vary from 2 x 105 t o  5 x 16. Atmospheric density i n  
the al t i tude range considered (20,000 t o  30,000 f e e t )  w a s  assumed t o  vary 
according t o  the  relat ion 

I n  the  simulation of t h i s  

f o r  smooth spheres at Reynolds numbers above the 

- z/22,000 
pa = 0.0034e slug/cu f t  

where the a l t i tude  z i s  given i n  feet. The simulated wind prof i le  through 
which the  spheres are "dropped" had variations i n  wind shear ranging from 
h = 0 t o  h = 0.10 sec-l, as shown i n  f igure 4. 

I n  figure 4(a) the diameter of a 1.00-pound sphere is varied and i n  f ig-  
ure 4(b) the weight i s  varied f o r  a 6-foot-diameter sphere. 
bodies were assumed t o  be released from res t  at  an a l t i t ude  of 30,000 f ee t .  
ure 3(b) shows tha t  the optimum diameter of a 1.00-pound f a l l i ng  sphere i s  approx- 
imrttely 4 fee t .  
t ha t  the 4-foot-diameter body follows the  input more closely than e i the r  the 
2- o r  the  8-foot-diameter body. Furthermore, the severe degradation i n  the  
velocity-tracking capabili ty of a 1.00-pound sphere t h a t  i s  seen t o  occur i n  
figure 4( a) when the diameter is  reduced from 2 f e e t  t o  1 foot is  also evidenced 
i n  figure 3(b) by the  manner i n  which CDL 

I n  both cases the  
Fig- 

This f ac t  i s  also evident i n  figure 4(a),  where it can be seen 

abruptly increases i n  t h i s  diameter 
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range. 
responses of t h e  1.00-pound and the  0.25-pound sphere i s  indeed s m a l l .  
confirms a previously mentioned point regarding the  re la t ive ly  insignif icant  
gains t h a t  can be achieved through weight reductions when the  balloon diameter 
i s  greater  than an optimum value. 

For t h e  6-foot-diameter sphere i n  figure 4(b)  the  difference between the 
This f ac t  

An approximate "desmoothing" p rocedure.- As i l l u s t r a t e d  by the  p lo t s  i n  
f igure 4, t h e  balloon response lags behind the wind-profile input and tends t o  
smooth i t s  detai led features.  A possible method f o r  correcting a measured wind 
p ro f i l e  f o r  balloon-smoothing errors  w i l l  now be considered. The basic  assump- 
t i o n  made i s  t h a t  t he  wind prof i le  can be approximated by a se r i e s  of s t ra ight -  
l i n e  segmeiits of 1ergth 3I, cr greater .  Applicztinr? of the pmcerhlre for the 
case of t h e  1.00-pound 2-foot-diameter falling sphere of f igure 4(a)  i s  i l l u s -  
t r a t ed  i n  f igure  5 .  
be described as follows: 

With reference t o  figure 5 the  "desmoothing" procedure may 

1. From equation (14)  o r  (15) determine the  var ia t ion of L with a l t i t ude .  
(See right-hand side of f i g .  5.) 

2. Represent t he  balloon velocity-response curve ( A )  with a se r i e s  of 
s t ra ight- l ine segments. The a l t i t ude  interval  covered by each segment should be 
at  l e a s t  3L, where L i s  the  average balloon lag distance f o r  t h a t  a l t i t ude  
interval .  

3. Shi f t  t he  s t ra ight- l ine segments (B) ve r t i ca l ly  a distance L i n  a 

This curve ( C )  represents t he  
direct ion opposite t h a t  traveled by the  balloon. For the  case of figure 5, a 
fa l l i rq  sphere, the  curve i s  sh i f ted  upward. 
corrected or "desmoothed" prof i le .  

Comparison of t he  wind p ro f i l e  corrected f o r  smoothing er rors  - curve C - 
with the  t r u e  wind prof i le  used as an input - curve D - shows t h a t  the  agreement 
between t h e  p ro f i l e s  i s  good everywhere except i n  the  region of highest wind 
shear ( A  = S . 1 0  sec-l; see f i g .  4 ) .  I n  th i s  region the  two p ro f i l e s  d i f f e r  
because the  wind shear changed before steady-state response conditions were 
established by t h e  balloon, t h a t  is, before it traveled a distance 3L. Note 
t h a t  t he  desmoothed prof i le  always indicates a t r iangular  peak i n  the  wind pro- 
f i l e  regardless of t he  actual  shape of t h e  peak. 

It should be mentioned tha t  at very high a l t i tudes ,  f a l l i n g  bodies, such as 
ROBIN spheres ( ref .  ll), w i l l  have much larger L values than those considered 
here. Consequently, t h e  steady-state response conditions required i n  t h e  pro- 
cedure may of ten not be obtained a t  these al t i tudes.  

RESPONSE OF FLEXIBLE LAUNCH VEHICLES TO WIND PROFILES 

Simplifying Assumptions 

Previous sections of t he  paper have concerned the  wind-tracking capabi l i t i es  
of a wind sensor with l i t t l e  consideration given t o  t h e  accuracy requirements 
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i n  applying these measurements t o  launch-vehicle response problems. 
w i l l  now be made t o  in t e rp re t  wind-measurement e r ro r s  i n  terms of t he  vehicle 
response e r ro r s  t h a t  w i l l  r e su l t  when the  smoothed wind p r o f i l e  instead of t h e  
de t a i l ed  p r o f i l e  i s  used as the  forcing function. Since t h e  pr inc ipa l  d i f f e r -  
ences i n  response of a vehicle t o  these t w o  forcing functions w i l l  occur i n  t h e  
e l a s t i c  modes, only e l a s t i c  modes w i l l  be considered herein.  Furthermore, t o  
avoid complications which would tend t o  obscure t h e  bas ic  r e s u l t s  being sought, 
t h e  following simplifying assumptions have been introduced: 

An attempt 

1. The vehicle  response i s  represented by a single-degree-of-freedom, 
constant-coefficient system. 

2. The wind sensor and the  vehicle a re  assumed t o  experience t h e  same wind 
prof i le .  

3 .  For t h e  case of random wind inputs, t he  p r o f i l e  i s  treated as a sta- 
t ionary random process over t he  a l t i t u d e  in te rva l  of i n t e r e s t .  

Equations of Motion 

Response i n  t h e  e l a s t i c  modes of t he  vehicle can be expressed as 

where y (x , t )  i s  t h e  t o t a l  bending deflection at a s t a t i o n  x at time t; 
%(t) 
the  body; and &(x) i s  t h e  normalized shape of t h e  nth na tura l  mode. The 
coef f ic ien ts  an s a t i s f y  t h e  following set  of d i f f e r e n t i a l  equations: 

i s  t h e  contribution of mode n t o  the response at a reference s t a t i o n  on 

where f o r  each mode n 

Mn generalized m a s s ,  s,” m(x)&%)& 

w, natura l  vibrat ion frequency of  t h e  mode 

cn equivalent viscous damping of the s t ruc tu re  r e l a t i v e  t o  c r i t i c a l  
damping 

Pn generalized force per  un i t  vw(t)  due t o  an aerodynamic load dis- 
t r i b u t i o n  p(x) along t h e  vehicle (aerodynamic damping and s t i f f -  

ness e f f e c t s  have been neglected), 



It is  again convenient t o  express t i m e  i n  terms of t he  v e r t i c a l  distance 
traveled. Thus with 

Balloon Z 

t r ans fe r  
function, 1- -. 

where 
in te res t ,  equation (22) becomes 

Vz is the  average veloci ty  of the vehicle over the time in t e rva l  of 

t r ans fe r  
function, 

Kn 
2 ~2 + 2 C n ~ s  + Qn 

where & =../vz is  the  natural  frequency i n  radians per un i t  length of dis- 

tance traveled. It can be seen tha t  the response i n  each mode is  tha t  of a 
damped spring-mass o s c i l l a t o r  excited by a forcing f'unction vw(z). 

If instead of using the  t r u e  p ro f i l e  vw(z) as a forcing function, the 

p ro f i l e  v@(z) 
response i n  the  two cases w i l l  represent the  e r ro r s  due t o  smoothing e f f ec t s .  
The problem can be i l l u s t r a t e d  by the  transfer-function block diagrams shown 
i n  f igure 6. As indicated i n  the  figure, the  horizontal  velocity of the  wind 

measured by a wind sensor i s  applied, the  differences i n  vehicle 

Detailed p ro f i l e  Smoothed p ro f i l e  Vehicle response 

I 

Z 

Figure 6.- Block diagram showing vehicle response t o  a balloon-measured wind prof i le .  

sensor vb(z) is  re la ted  t o  the  wind p ro f i l e  vw(z) through the  t r ans fe r  func- 
t i o n  obtained by taking t h e  Laplace transform of equation (10): 

20 



The response of t h e  vehicle i s  i n  tu rn  related t o  the  measured wind input through 
the  t r ans fe r  function obtained by taking the Laplace transform of equation (24) 
and subs t i tu t ing  Vb f o r  vw: 

where s i s  the  Laplace operator and 

an(.) an(.) vb(s) Kn 
V,o = V,o vwo = (1 + Ls)(s2 + 24-#,s + Rn 2 ) 

By way of i l l u s t r a t i o n ,  t h e  response errors  associated with t h e  f i l t e r i n g  
propert ies  of t h e  wind sensor are considered next f o r  two spec i f i c  assumed forms 
of t h e  wind p r o f i l e  - a d i sc re t e  gust and a s ta t ionary  random process. 

Vehicle Response t o  a Discrete Gust 

Assume t h e  shape of vw(z) t o  be an isosceles t r i a n g l e  having a peak 
ve loc i ty  of vw, max and .an a l t i t u d e  increment b, "tuned" t o  give m a x i m u m  
dynamic amplification i n  t h e  na tura l  mode of i n t e re s t ;  t h i s  occurs when the  gust 
duration i s  approximately 0.8 t i m e s  the  wave length of t h e  mode i n  question 
(ref.  12):  

2n b = 0.8 - 
Qn 

From t h e  inverse Laplace transform of equation (25), t h e  veloci ty  response 
of t h e  wind sensor t o  t h e  t r iangular  gust  under consideration i s  p lo t ted  i n  
figure 7 f o r  various values of t h e  r a t i o  L/b. Note t h a t  f o r  L/b = 0 t h e  
sensor ve loc i ty  and t h e  input veloci ty  a re  ident ical ,  whereas a t  
indicated peak veloci ty  i s  approximately three-fourths t h a t  of t he  input peak 
veloci ty .  

L/b = 0.2 the  

The t r ans i en t  response of t h e  vehicle t o  these "measured" gust  p ro f i l e s  
w a s  obtained from solut ions of equation (28) and i s  shown i n  figure 8. 
d i t i o n  of zero damping ( C n  = 0) w a s  assumed i n  the  calculat ions.  Also, f o r  
convenience, t h e  response t i m e  h i s t o r i e s  are normalized with respect t o  t h e  
s t a t i c  response (ast = Kn/Qn2) and t h e  distance t raveled i s  expressed i n  gust 
lengths.  

A con- 
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The point of chief i n t e re s t  i n  figure 8 i s  the  reduction i n  the  calculated 
maximum response of the vehicle which comes from using a f i l t e r e d  wind input. 
Therefore, i n  figure 9 the maximum response, as a fract ion of the  unfi l tered 
maximum, i s  shown plotted against 
icant nondimensional parameter which is related t o  
can be written 

L/b: An al ternate  and perhaps more s ignif-  
L/b through equation (29) 

This parameter i s  also indicated on the abcissa of the figure. 
(unL/vz uniquely re la tes  the response errors  due t o  smoothing t o  the three key 
variables of t he  problem, which are: L, the  l a g  distance of the wind sensor; 
%, the  natural frequency of the vehicle; and V,, the  velocity of the vehicle. 

Note tha t  

Vehicle Response t o  a Continuous Random Wind Input 

Assume tha t  the fine-grain structure of a wind prof i le  can be represented 
as a stationary random process having a power spectrum (DVw(Q). The power 
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Figure 7.- Balloon response to triangular-shaped discrete  gust. 
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spectrum of t h e  vehicle response i n  t h e  nth e l a s t i c  mode i s  re la ted  t o  t h e  power 
spectrum of t h e  wind p r o f i l e  as follows: 

where Hv(R) 
from t h e  Laplace transform of equation (24) by t he  subst i tut ion of 

i s  t h e  vehicle frequency-response function which can be derived 
s = iR. Now 

r t  
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Figure 8.- Vehicle elastic-mode response to the "measured" gust in figure 7. 
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instead of t he  t rue  wind p ro f i l e  as an input, consider t h e  input as being a 
balloon-smoothed prof i le .  The power spectrum of t h e  smoothed p r o f i l e  i s  

smoothed 

data i l e d  

a 

a 

1.0 

.a  

.6  

.4 

.2  

0 

0 

. 2  .4 .6  . 8  1.0 

L/b 

~ 

1 2 3 4 5 

Figure 9.- Effects of balloon smoothing on the  maximum elastic-mode response of a vehicle t o  a 
balloon-measured d iscre te  gust input. 
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where 
t i o n  (25) w i t h  s = io. Hence, the power spectrum of an elastic-mode response 
t o  a smoothed wind prof i le  becomes 

H (Q),  the  frequency response of the wind sensor, comes from equa- 

The mean square of t he  response i s  
response by the  expression 

related t o  the power spectrum of the  

m 

The e l a s t i c  modes of a launch vehicle, being l i gh t ly  dmped, have frequency- 
response functions which are  sharply peaked i n  the  v ic in i ty  of the natural  f re-  
quencies. Thus, f o r  a random input whose frequency content i s  dis t r ibuted i n  
a continuous gradually changing manner, the response i s  governed primarily by 
the l eve l  of t he  input at  the natural  frequency of the mode i n  question. The 
mean-square response based on a smoothed input prof i le  (eq. (34)) can therefore 
be writ ten approximately as 

wherein it can be seen tha t  t h e  functions Hb(Qn) and (9.x(nn) have been 

evaluated at the  natural  frequency Qn 
sign. 
by l e t t i n g  L 
smoothed t o  the  unsmoothed mean-square response becomes 

and removed from under the in tegra l  
Since t h e  mean-square response based on an unsmoothed prof i le  i s  obtained 

equal 0 i n  equation ( 3 5 )  t o  give Hb(0) = 1.0, the  r a t i o  of the 

o r  i n  terms of root-mean-square response, the r a t i o  i s  simply the amplitude of 
the frequency-response function f o r  the sensor: 
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This ra t io ,  p lot ted i n  f igure 10, represents the f ac to r  by w h i c h  the predicted 
root-mean-square response would be attenuated by use of the  balloon-smoothed 
p ro f i l e  i n  place of t h e  detai led p ro f i l e  as an input. 
response-attenuation fac tors  given by f igure  9 f o r  the t r iangular  gust and by 
f igure 10 f o r  the  continuous random pro f i l e  indicates  that smoothing e f f e c t s  
a re  more pronounced f o r  the  case of random inputs. 

A comparison of the 

As a specif ic  example, wind p ro f i l e s  measured w i t h  the  2-meter spherical  
balloon of reference 6 w i l l  be used as the  input i n  an evaluation of the  response 
attenuation fac tors  f o r  a launch vehicle. Assume tha t  a t  an a l t i t u d e  of 
25,000 feet  the vehicle has a ve r t i ca l  veloci ty  
and a fundamental natural  bending frequency u) of 30 radians per  second. With 

Vz of 1,000 f e e t  per second 
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Figure 10.- Effects of balloon smoothing on the root-mean-square elastic-mode response of a vehicle 
to a balloon-measured continuous random wind input. 
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a balloon lag distance of 15 feet a t  t h i s  a l t i t ude  (see t ab le  I)  the  nondimen- 

s iona l  frequency parameter becomes - = 15 x - = 0.45. Thus, the response 

at tenuat ion due t o  balloon i n e r t i a  i s  found t o  be 0.95 f o r  t h e  case of a "tuned" 
t r iangular  gust  ( f ig .  9 )  as compared with Oi91 f o r  the random wind input 

lu, 30 
VZ 1,000 

( f ig .  10). 

CONCLUDING FEMAFKS 

An ana ly t i ca l  evaluation i s  made of t h e  capab i l i t i e s  of balloon wind 
sensors t o  respond t o  the de ta i led  variations i n  t h e  wind s t ruc tu re  which can 
represent important load inputs f o r  f lex ib le  launch vehicles.  
f a l l i n g  spherical  balloons are considered. It i s  found t h a t  f o r  a balloon of 
given w e i g h t  there  is  an optimum diameter f o r  which t h e  balloon response veloc- 
i t y  i s  most sens i t ive  t o  var ia t ions i n  the  p r o f i l e  of horizontal  winds. When 
t h e  diameter of t h e  balloon i s  l a rge r  than t h i s  optimum value t h e  advantages of 
reducing t h e  balloon weight t o  improve i t s  dynamic response become re l a t ive ly  
ins igni f icant .  The apparent mass of ambient air  surrounding tine balloon, which 
has of'ten been neglected i n  previous investigations, is  found t o  be of consider- 
able  importance a t  lower a l t i t udes  where launch vehicles of ten encounter m a x i m u m  
aerodynamic loads. 

Both rising and 

An approximate "desmoothing" procedure i s  developed which, under ce r t a in  
conditions, can be used t o  correct measured wind p ro f i l e s  f o r  smoothing e r ro r s  
associated with i n e r t i a  of t h e  balloon wind sensor. Finally, an assessment i s  
m a d e  of t h e  reduction i n  the calculated e l a s t i c  mode response of launch vehicles 
t h a t  results when the  fine-grain s t ructure  of a wind input i s  smoothed by ba l -  
loon i n e r t i a .  These e r ro r s  are evaluated f o r  continuous random and t r iangular-  
shaped d i sc re t e  gust inputs.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., A p r i l  18, 1963. 
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RELATION BETIWEEN LAG LENGTH OF A WIND SENSOR 

AND A RUNNING-AVHIAGE mNG!CH 

Assume the wind p ro f i l e  vw(z) t o  be averaged over a distance tha t  extends 
2/2 on each side of t he  a l t i t u d e  z .  This running-average operation produces 
a smoothed prof i le  defined as 

- 
With an input vw(z) and an output v,(z) a t r a n s f e r  function f o r  the 

averaging operation can be determined from the  r a t i o  of t he  Laplace transforms 
of F ( z )  and v,(z). The Laplace transform of < ( z )  is  

n m  - - 
vw(s) = vw(z)e-szdz 

0 

Introduction of a dummy variable of integrat ion 
t i o n  (u) into equation ( ~ 2 )  gives 

7 and subs t i tu t ion  of equa- 

The integration of equation (A3) w i t h  respect t o  z produces 

SZ €32 

Thus, the  t ransfer  function of t he  running-average operation becomes 
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With the subs t i tu t ion  of i R  f o r  s i n  equation (A5) ,  the frequency-response 
r e l a t ion  i s  obtained (a lso see appendix of ref. 13): 

Similarly, by subs t i tu t ion  of i R  f o r  s i n  equation (25) t h e  frequency- 
response amplitude function f o r  the wind sensor is  found t o  be 

Note t h a t  equations (A6) and ( A 7 )  are  ident ica l  only at 2 = 0 and L = 0; 
however, an approximate equivalence between the  2 i n  equation ( A 6 )  and the L 
i n  equation (A7) can be established by expanding t h e  two equations in to  a power 
se r i e s  about 2 = 0 and L = 0 and equating the f i r s t -o rde r  terms of each 
expansion. Thus, a f i r s t -o rde r  approximation t o  equation ( A 6 )  i s  

and a f i r s t -o rde r  approximation t o  equation ( A 7 )  i s  

Equating equations (A8) and (Ag) gives the  following r e l a t ion  between the  running- 
average dis tance and the l a g  distance: 
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